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Abstract 
Work zones considerably influence the traffic flow quality on freeways. In work zones, the capacity 
can be significantly reduced due to narrower lanes, a reduced number of traffic lanes, and unfavorable 
roadway geometry. In order to evaluate the impact of work zones on congestion occurrence and 
resulting delays as well as to allow for a consideration of alternative work zone layouts in the planning 
process, models to estimate the capacity of work zones are required. The paper presents results from a 
comprehensive study of work zone capacity on German freeways. In the analysis, a large number of 
short-term work zones with temporary lane closures as well as long-time work zones with and without 
a reduction of the number of lanes were covered. Data from loop or radar detectors upstream of the 
work zones were analyzed. For the capacity estimation of long-term work zones, both deterministic 
and stochastic approaches were used. For short-term work zones, valid capacity estimates could only 
be determined for the post-breakdown congestion outflow. The estimated capacities were analyzed 
regarding the influence of the traffic, geometric, and control conditions in the work zone. Relevant 
parameters are the number of lanes, the lane widths, the existence of divided lanes, the longitudinal 
gradient as well as the share of commuters and heavy vehicles. For short-time work zones, also the 
side of the lane closure (left or right lane) has an influence on the capacity. As a result of the study, 
capacity estimation models for both short- and long-term work zones, which can be applied in work 
zone planning procedures, are provided. 
 
Keywords: work zone, capacity distribution function, lane closure 
1 Introduction 
Work zones considerably influence the traffic flow quality on freeways. The ex-ante evaluation of 
the impact of work zones on congestion occurrence is an important instrument to allow for a 
consideration of alternative work zone layouts in the planning process and hence reduce the extent of 
congestion.  
In freeway work zones, the capacity can be significantly reduced due to narrower lanes, a reduced 
number of lanes, and unfavorable roadway geometry. In contrast to work zones on U.S. freeways, 
narrowing of lanes is usually preferred to lane closures in Germany. Particularly on heavily trafficked 
freeway sections in urban areas, lane closures at long-term work zones are avoided where possible.  
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Traffic flow and capacity at work zones were analyzed in a number of studies (e.g. Kim et al., 
2001, Sarasua et al., 2004, Yeom et al., 2015). The capacity of work zones on German freeways were 
investigated by Ressel (1994), Ober-Sundermeier and Zackor (2001), Suemmermann (2012), and 
others. However, the analyzed types of work zones as well as the applied capacity estimation methods 
differ in these studies, so that a comparison of the estimated capacities is hardly possible. Ressel 
(1994) derived theoretical capacities based on headway models for congested flow conditions. Ober-
Sundermeier and Zackor (2001) defined the capacity as the mean value of the post-breakdown 
congestion outflow. Suemmermann (2012) adopted the method by Brilon and Geistefeldt (2010) and 
estimated work zone capacities by fitting the model of van Aerde (1995) to speed-flow data and 
determining the volume at the apex of the speed-flow curve. 
In this paper, results from a comprehensive study of work zone capacities on German freeways are 
presented. The aim of the study was to derive standard capacities for both short- and long-term work 
zones, which shall be implemented in a new traffic analysis tool provided for application by German 
road authorities. The capacity estimation methods applied in the study are based on the methodology 
used for the derivation of the design capacities given in the German Highway Capacity Manual HBS 
(FGSV, 2015). Hence, the standard capacities for freeway work zones can directly be compared with 
the HBS design capacities.  
2 Capacity of Long-Term Work Zones 
2.1 Data Samples 
The capacity of long-term work zones was estimated based on traffic data from loop and radar 
detectors. Traffic breakdowns typically occur at the beginning or at a lane closure directly upstream of 
a work zone. Hence, traffic data measured in the approach of the work zone are required for the 
estimation of work zone capacity. In addition, speed and flow data covering a longer period including 
several traffic breakdowns are needed in order to receive valid capacity estimates. Due to these 
restrictions, data from traffic detectors upstream of work zones on heavily trafficked freeways in 
Germany were selected. From a large number of work zones, however, many data sets could not be 
used due to a blackout or deactivation of the detector during the work zone period, a lack of traffic 
breakdowns or implausible flow or speed data. The determination of work zone capacities was carried 
out separately for each direction where possible. In total, capacities for 38 directional work zone 
layouts with different characteristics could be determined. The characteristics of these work zones are 
given in Table 1. The data samples include: 
x 22 work zones in urban und 16 work zones in rural areas, 
x 1 one-lane, 23 two-lane, 11 three-lane and 3 four-lane carriageways, 
x 24 directional work zone layouts without crossover on the opposite carriageway, 5 with 
crossover of all lanes and 9 with partial crossover, i.e. a lane separation,  
x 10 directional work zone layouts with lane reduction, 
x minimal lane widths between 2,50 m and 3,75 m of the lanes used by passenger cars only and 
between 3,00 m and 3,75 m of the lanes used by heavy vehicles, 
x 10 work zones with longitudinal grades of more than 2 %. 
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no area grade (%) 
% heavy 
vehicles 
work zone 
layout 
no. of 
lanes 
no. of 
crossover-lanes lane-width [m] 
lane 
reduction 
speed limit 
(km/h) 
1 rural 3 7,5 1+2 1 0 3,75 yes 80 
2 rural 3 10,0 2+2 2 0 3,25 / 2,50 no 80 
3 urban < 2 12,5 2s+2s 2 0 3,25 / 2,50 no 80 
4 urban < 2 12,5 3s+1 2 0 3,25 / 2,50 no 80 
5 rural < 2 12,5 4s+0 2 0 3,25 / 2,50 no 80 
6 rural 4 12,5 4s+0 2 0 3,25 / 2,50 no 80 
7 urban < 2 20,0 2+3n 2 0 3,25 / 2,60 no 80 
8 urban < 2 10,0 4s+0 2 0 3,50 / 3,25 no 80 
9 urban < 2 22,5 2s+3 2 0 3,50 / 3,50 no 80 
10 rural < 2 10,0 2s+3n 2 0 3,00 / 2,60 yes 60 
11 rural < 2 15,0 3+1 2 0 3,75 / 3,50 yes 80 
12 rural 5 12,5 4s+0 2 0 3,25 / 2,50 yes 80 
13 rural 3 7,5 5s+0 2 0 3,25 / 2,75 yes 80 
14 urban < 2 12,5 2+2 2 0 3,50 / 3,50 yes 80 
15 urban < 2 20,0 2+2 2 0 3,75 / 3,75 yes 80 
16 urban 3 7,5 1+4 2 1 3,25 / 3,25 no 80 
17 urban 3 22,5 1+4 2 1 3,25 / 3,25 no 80 
18 urban < 2 7,5 1+3s 2 1 3,75 / 3,25 no 80 
19 rural < 2 5,0 1+3 2 1 3,75 / 3,50 yes 60 
20 rural < 2 20,0 1+3 2 1 3,75 / 3,50 yes 80 
21 rural < 2 12,5 0+4s 2 2 3,25 / 2,50 no 80 
22 rural < 2 15,0 0+4s 2 2 3,25 / 2,50 no 80 
23 urban < 2 10,0 0+4s 2 2 3,25 / 2,60 no 80 
24 rural 4 12,5 0+4s 2 2 3,25 / 2,50 yes 80 
25 urban < 2 10,0 3+3n 3 0 3,25 / 2,50 /  2,50 no 80 
26 urban < 2 10,0 6s+0 3 0 3,25 / 2,50 /  2,50 no 80 
27 rural 3 15,0 4s+2 3 0 3,25 / 3,00 /  2,60 no 80 
28 urban < 2 10,0 3+3 3 0 3,25 / 3,00 / 2,75 no 60 
29 urban < 2 10,0 3+3 3 0 3,25 / 3,00 / 2,75 no 60 
30 urban < 2 10,0 4s+2 3 0 3,25 / 3,00 / 2,75 no 60 
31 urban < 2 12,5 2+4s 3 1 3,25 / 2,50 / 3,00 no 80 
32 rural < 2 10,0 2+4s 3 1 3,25 / 2,75 / 3,50 no 80 
33 urban < 2 10,0 2+4s 3 1 3,60 / 3,00 / 3,25 no 60 
34 rural 3 10,0 2+4s 3 1 3,25 / 3,00 / 3,75 no 80 
35 urban < 2 10,0 0+6s 3 3 3,25 / 2,50 / 2,50 no 80 
36 urban < 2 10,0 4+4 4 0 3,25 / 3,25 / 2,75 / 2,75 no 80 
37 urban < 2 15,0 4+4 4 0 3,25 / 3,25 / 3,00 / 3,00 no 80 
38 urban < 2 15,0 4+4 4 0 3,25 / 3,25 / 3,00 / 3,00 no 80 
Table 1: Characteristics of the data samples for the capacity analysis 
 
2.2 Methodology 
The capacity of long-term work zones on freeways was estimated by applying both deterministic 
and stochastic capacity analysis methods. The methods are similar to those applied by Brilon and 
Geistefeldt (2010) for the revision of the design capacities given in the German Highway Capacity 
Manual HBS (FGSV, 2015).  
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In a first step, deterministic capacity estimates were determined by fitting the model of van Aerde 
(1995) to speed-flow data in one-hour intervals, where the volume at the apex of the model curve is 
defined as the capacity. However, it turned out that the model could not be adapted satisfactorily for a 
large number of work zones, which was due to the relatively short duration of most of the analyzed 
work zones and the limited number of intervals with congested conditions. 
The stochastic capacity analysis was based on statistical models for censored data (cf. Brilon et al., 
2007, Geistefeldt and Brilon, 2009). In contrast to the traditional concept of capacity as a constant 
value used in traffic engineering guidelines, the capacity is regarded as random variable. The capacity 
distribution function represents the relationship between the probability of a traffic breakdown and the 
flow rate. For German freeways, the Weibull function was found to be most suitable to represent the 
capacity distribution (Brilon et al., 2007). The Weibull-type capacity distribution is: 
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where: 
Fc(q) = capacity distribution function 
p(x) = probability of x 
q = flow rate (veh/h) 
c = capacity (veh/h) 
D = Weibull shape parameter 
E = Weibull scale parameter (veh/h) 
 
The capacity analysis was based on traffic data measured in 5-minute intervals. Due to the fact that 
a work zone usually represents the active bottleneck on a freeway segment, it was assumed that traffic 
breakdowns due to spillback from downstream bottlenecks were not relevant. By applying the 
Maximum-Likelihood estimation technique, the parameters D and E of the Weibull-type capacity 
distribution function that delivered the best representation of the empirical data were determined. The 
Likelihood function is (Brilon et al. 2007): 
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where: 
fc(qi) = statistical density function of the capacity c 
Fc(qi) = cumulative distribution function of the capacity c 
n = number of intervals 
Gi = 1, if interval i contains an uncensored value 
Gi = 0, if interval i contains a censored value 
 
Based on comparative analysis of the capacity distribution function and the deterministic capacity 
obtained by applying the van Aerde (1995) model for cases with a good adaption of the model 
function, the 5th percentile of the capacity distribution function was used as the nominal capacity for 
the determination of standardized capacity values in one-hour intervals. An example is given in Figure 
1. In addition, the 99th percentile of the observed traffic volumes in one-hour intervals was defined as 
upper limit of the capacity estimate. This was necessary because in some cases the 5th percentile of the 
distribution function was considerable higher than the maximum volume in one-hour intervals. 
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Figure 1: Comparison of the capacity estimated by fitting the van Aerde (1995) model to 1-hour intervals 
with the 5th percentile of the capacity distribution function estimated in 5-minute-intervals for one example 
Based on the empirically estimated capacities, standardized capacity values for work zones were 
estimated. Due to the relatively small number of samples covering a large number of different work 
zone characteristics, a statistical analysis e. g. with regression models wasn’t applicable. Instead, an 
existing capacity model from the German work zone management guidelines (BMVBS, 2011) was 
modified and recalibrated.  
The applied capacity model consists of a base capacity and multiplicative reduction factors for a 
total of seven different work zone parameters, which were assumed to reduce the capacity. These 
parameters are: 
x number of lanes, 
x reduction of lanes, 
x crossover of lanes, 
x lane widths, 
x heavy vehicle percentage in the peak hour, 
x location of the freeway in rural or urban areas, representing the share of commuters, and 
x longitudinal gradient. 
To identify the parameters that significantly influence the capacity and to determine the associated 
reduction factors, an optimization procedure employing the least squares method was used. For each 
factor, a limited range of values was predefined to avoid implausible results. The combination of 
factors that delivered the minimal sum of squared errors between the model capacities and the 
empirical values was determined as the optimal solution. Parameters with a factor of 1.0 had no 
influence on the capacity and were not further considered. The results for the remaining factors were 
rounded in multiples of 0.05 and were embedded in the capacity estimation model. 
2.3 Results 
In total, the capacity of 38 directional work zone layouts could be determined. All capacities are 
shown in Figure 2, subdivided in work zones with one, two, three and four lanes in the analyzed 
direction. It is noticeable that the capacities significantly vary even for the same number of lanes. The 
detailed results of the deterministic and stochastic capacity analysis and the corresponding standard 
capacities are given in Table 2.  
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Figure 2: Results of the capacity analysis for 38 work zones with one, two, three and four lanes per direction 
The number of lanes, the lane widths, the existence of divided lanes, the longitudinal gradient, the 
heavy vehicle percentage, and the location of the work zone in rural or urban areas were identified as 
major influencing parameters. In contrast to the existing capacity model from the German work zone 
management guidelines (BMVBS, 2011), a crossover of lanes onto the opposite carriageway and a 
reduction of the number of lanes could not be identified as affecting the capacity. The reduction 
factors for the longitudinal gradient and the heavy vehicle percentage were identified as being 
independent. Eq. (3) represents the derived capacity estimation model for long-term work zones:  
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 where:  
c   total capacity of the carriageway (veh/h)  
cb = base capacity of one lane (pc/h) 
farea   factor depending on the location in rural or urban areas 
  
¯
®
­  1.00 for work zones in urban areas 
0.95 for work zones in rural areas 
fdln   factor depending on the existence of divided lanes 
  
¯
®
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fg   factor depending on the longitudinal gradient g 
 
°
¯
°
®
­  1.00 for g  2 % 0.90 for 2 % < g  4 % 
0.80 for g > 4 % 
n   number of lanes 
fw,i   factor depending on the width w of lane i, where whv refers to lanes used by both  
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 Deterministic capacity analysis Stochastic capacity analysis  
no. qmax (veh/h) 
q99 
(veh/h) 
cd 
(veh/h) 
threshold speed 
(km/h) 
number of 
breakdowns 
D  
(-) 
E 
(veh/h) 
qFC,5   
(veh/h) 
cn      
(veh/h) 
one lane 
1 1759 1739 (1890) 70 18 16 2104 1745 1739 
two lanes 
2 3298 3100 (3342) 60 33 22 3728 3256 3100 
3 3354 3239 (3004) 70 29 15 4166 3402 3239 
4 3732 3590 (3312) 60 31 (16) (4601) 3811 3590 
5 3311 3063 (3146) 80 15 26 3703 3299 3063 
6 2867 2663 (2371) 60 22 (11) (3570) 2721 2663 
7 3379 3356 3304 70 11 16 4005 3308 3308 
8 3616 3435 3355 80 56 15 4382 3576 3435 
9 3212 3122 (3164) 70 8 (13) (3854) 3060 3060 
10 3701 3517 - 90 6 (12) (4311) 3377 3377 
11 3543 3412 (3124) 80 19 18 4136 3514 3412 
12 3067 2937 - 80 16 20 3691 3171 2937 
13 3528 3354 (2543) 80 22 16 4130 3413 3354 
14 4281 4215 (3931) 60 27 24 4416 3910 3910 
15 2950 2897 (2974) 80 6 19 3507 (3002) 2897 
16 2911 2828 (3379) 70 11 17 3458 2895 2828 
17 2973 2929 (2486) 70 24 15 3294 2707 2707 
18 3590 3557 3408 60 20 13 4124 3287 3287 
19 3620 3500 3422 80 5 22 4106 3587 3500 
20 2957 2800 - 80 4 15 3702 3046 2800 
21 2910 2804 (2627) 80 20 16 3553 2948 2804 
22 2863 2663 (2285) 70 47 11 3426 2646 2646 
23 3971 3681 (3767) 80 19 (13) (5066) (4010) 3681 
24 3349 3054 - 70 26 14 3899 3161 3054 
three lanes 
25 5458 5373 5242 90 39 19 6243 5321 5321 
26 5295 4879 4844 80 80 18 5854 4959 4879 
27 4315 4088 (4263) 80 8 26 4899 4366 4088 
28 5877 5674 5340 80 155 24 5994 5301 5301 
29 5844 5673 5417 80 158 21 6119 5318 5318 
30 5528 5271 5181 75 120 26 5748 5117 5117 
31 4831 4668 (4847) 90 7 (17) (5734) 4817 4668 
32 5076 4943 (4856) 75 3 (23) (6048) (5317) 4943 
33 5198 5009 4959 80 39 20 5614 4834 4834 
34 4287 3972 3959 75 24 15 4880 3977 3972 
35 6222 5874 5659 70 83 18 6577 5593 5593 
four lanes 
36 7584 7413 7258 80 4 (20) (9130) (7858) 7413 
37 7936 7308 (6971) 80 28 20 8618 (7441) 7308 
38 7428 7151 (6860) 75 20 16 8841 7358 7151 
qmax = maximum of the observed traffic volumes in one-hour-intervals 
q99 = 99th percentile of the observed traffic volumes in one-hour-intervals 
cd = deterministic capacity determined by adapting the model of van Aerde (1995) in one-hour-intervals 
qFC,5 = 5th percentile of the capacity distribution function in 5-minute-intervals 
cn = nominal capacity for the determination of standardized capacity values in one-hour intervals 
( ) not satisfying adjustment of van Aerde-model or distribution function 
Table 2: Detailed results of the deterministic and stochastic capacity analysis
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Figure 3 shows the comparison of the empirically determined capacities and the model capacities 
for the model that achieved the best adjustment. The majority of the values defer up to 10%. Only 
three model values are more than 10% higher than the empirically estimated capacities.  
 
Figure 3: Comparison of the empirical and the model capacities, the dotted lines represent a 10% deviation
3 Capacity of Short-Term Work Zones 
3.1 Data Samples 
Similar to the data set for long-term work zones, loop and radar detector data were used to estimate 
the capacity of short-term work zones. In total, loop detector data upstream of 1200 different short-
term work zones in the German federal state of North-Rhine Westphalia in the years 2010 to 2012 
were analyzed. After eliminating data sets with a blackout or deactivation of the upstream detector 
during the work zone period, a lack of traffic breakdowns or implausible flow or speed data, the 
capacity of 156 work zones with different work zone layouts and characteristics could be determined. 
Work zones during rainfall were also excluded, so that 111 capacities were used for further analysis. 
3.2 Methodology 
In contrast to long-term work zones, traffic flow data measured at short-term work zones include 
only one traffic breakdown observation in most cases. This breakdown often occurs immediately after 
the lane closure, which means that the pre-breakdown volume does not represent the capacity of the 
work zone. Hence, valid capacity estimates could only be determined for the post-breakdown 
congestion outflow. The post-breakdown capacity for each work zone was determined as average 
traffic volume during congested conditions. Due to the major impact of lane closures on the capacity, 
it can be assumed the short-term work zone is the active bottleneck in all cases. Figure 4 shows an 
example of the speed and flow patterns for one day with and one day without a work zone. The period 
of work zone operation is clearly recognizable due to decreasing speed and flow.  
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Figure 4: Estimation of the capacity of short-term work zones as the average congestion outflow
Based on the 111 determined post-breakdown capacities, the following parameters were analyzed 
regarding to their influence on the work zone capacity: 
x directional work zone layout (number of closed lanes, side of lane closure), 
x heavy vehicle percentage, 
x location of the freeway in rural or urban areas, representing the share of commuters, 
x daytime (day/night), and 
x day of the week (working day/weekend). 
In contrast to long-term work zones, short-term work zones could be analyzed with statistical 
methods like scatterplots and regression models due to the large sample size and a comparatively 
small number of parameter values.  
By analyzing the different parameters with diverse scatterplots, it appeared that the heavy vehicle 
percentage as well as daytime and weekday had no influence on the capacity. This assumption was 
then proved by a linear multiple regression analysis. All analyzable parameters were transformed in 
numerical values shown in Table 3. 
The examined regression model was assumed as follows to calculate the regression coefficients: 
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attribute k parameter xk 
number of lanes  
without / with work zone 
2/1 2 
3/1 3 
3/2 1.5 
side of lane closure left 0 right 1 
rural or urban area urban 0 rural 1 
heavy vehicle percentage percentage value 0-100 
daytime day 0 night 1 
weekday working day 0 weekend 1 
Table 3: Input parameters for the linear multiple regression model
All attributes without statistically proved influence on the capacity where removed and another 
regression model with now only three regression coefficients was determined. On the basis of the 
results of this regression model, a capacity estimation model could be identified. 
3.3 Results 
The regression analysis proved that only the side of the lane closure and the location of the work 
zone in rural or urban areas have a significant influence on the capacity of short-term work zones. All 
other parameters have a negligible influence. Additionally to the parameters derived from the 
empirical dataset, parameters for the lane widths and the longitudinal gradient were adopted from the 
results for long-term work zones. Moreover, the influence of using the hard shoulder within the short-
term work zone was adopted from Ober-Sundermeier (2003).  
The derived estimation model is represented by Eq. (4). 
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where: 
c   total capacity of the carriageway (veh/h) 
cb = base capacity of one lane (veh/h) 
farea   factor depending on the location in rural or urban areas 
  
¯
®
­  1.00 for work zones in urban areas 
0.84 for work zones in rural areas 
flc   factor depending on the side of the lane closure 
  
¯
®
­  1.00 for lane closure left 
0.92 for lane closure right 
fhs = factor depending on the use of the hard shoulder as a provisional lane in the work zone 
 
°
¯
°
®
­  1.00 if the hard shoulder is not used 1.00 if existing control facilities for temporary hard shoulder running are used 
0.90 if the hard shoulder is used with standard signs 
fg   factor depending on the longitudinal gradient g 
 
°
¯
°
®
­  1.00 for g  2 % 0.90 for 2 % < g  4 % 
0.80 for g > 4 % 
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n   number of lanes 
fw,i   factor depending on the reduction of the lane width w for lane i 
  
¯
®
­  1.00 if the lane width is not reduced 
0.90 if the lane width is reduced 
4 Conclusions 
Based on extensive data from German freeways, capacity models for both long- and short-term 
work zones were estimated. These models can be applied in work zone planning procedures. 
For long-term work zones, a total of 38 capacities could be empirically estimated. Based on these 
results, reduction factors for different work zone parameters were determined by means of 
optimization procedures. Relevant parameters are the number of lanes, the lane widths, the existence 
of divided lanes, the longitudinal gradient, the heavy vehicle percentage, and the location of the work 
zone in rural or urban areas. A crossover of lanes onto the opposite carriageway and a reduction of the 
number of lanes could not be identified as influencing the capacity.  
At 111 short-term work zones, the average traffic flow during congestion was determined as a 
capacity estimate. Based on statistical considerations and regression analysis, the location of the work 
zone in rural or urban areas and the side of the lane closure (right or left) could be identified as the 
only relevant parameters influencing the capacity. Remarkably, the heavy vehicle percentage had no 
measurable influence on the capacity of the analyzed short-term work zones.  
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